Single-site catalysts comprising isolated metal ions on solid surfaces are drawing increasing attention because they evidently offer new, tailorable catalytic properties [1] [2] [3] [4] [5] [6] and because the metals, if they are heavy and present on supports that consist of light elements, can sometimes be imaged by aberration-corrected scanning transmission electron microscopy (STEM). [7] [8] [9] [10] [11] A step toward increasing complexity of such catalysts involves the synthesis of pairs of metal centers on supports, and these offer prospects of new properties associated with the neighboring metal centers. There are still only a small number of catalysts in this class. [12] [13] [14] [15] [16] We now report supported metal catalysts consisting initially of isolated Rh centers on a support, zeolite HY, and its transformation in the presence of H 2 to form rhodium pair sites and then larger rhodium clusters. The data reported here indicate how the transformation of the rhodium species leads to changes in the catalytic properties of the rhodium, and they thus lay a foundation for how to tailor supported rhodium catalysts. The supported species were characterized by infrared (IR) and X-ray absorption spectra complemented by STEM images that provide the first direct evidence of the first steps of rhodium cluster formation. HY zeolite was chosen as the catalyst support because it consists of light atoms for contrast with the Rh atoms in imaging and because it is crystalline, facilitating the formation of uniform rhodium species initially on its surface. Rhodium was chosen as the catalytic species because of its rich catalytic chemistry in forms ranging from isolated cationic complexes [17] [18] [19] [20] [21] [22] [23] [24] [25] to small clusters [26] [27] [28] [29] to larger metallic particles. [30] [31] [32] [33] The catalytic properties of the supported rhodium species were probed with ethylene hydrogenation and ethylene dimerization as test reactions, because these reactions take place under mild conditions that minimize changes in structure of the rhodium species 12, [34] [35] and because ethylene and H 2 form ligands on the rhodium that are identifiable by IR spectroscopy.
The results presented here demonstrate that H 2 dissociation takes place on the supported rhodium complexes, leading to the formation of rhodium hydride and the removal of ethylene ligands to trigger rhodium cluster formation. STEM images confirm that the initial step of metal cluster formation is the formation of dirhodium species. Moreover, our data show how the nuclearity and ligand environment change during the earliest stages of cluster formation and thereby change the catalytic activity and selectivity in the conversion of ethylene with H 2 . applied for a high signal-to-noise ratio, resulting in the lack of need for post-image simulation, in contrast earlier work with low-dose imaging. 8 The bright features highlighted in Figure 2 are individual Rh atoms. The image gives no evidence of rhodium clusters or particles, in agreement with the EXAFS data, which give no evidence of Rh-Rh contributions ( Table 1 ).
The stability of the mononuclear supported rhodium present initially in the sample was demonstrated as the temperature was ramped from 298 to 373 K with the sample in flowing helium with no detectable change in the IR (Supporting Information, SI, Figure S1 ) and EXAFS spectra (SI , Table S1 ).
When the composition of the gas flowing over the catalyst sample at 373 K was switched from helium to H 2 , the initially π-bonded ethylene ligands in the supported Rh(C 2 H 4 ) 2 complexes were immediately replaced by hydride, as shown by the disappearance of IR bands characteristic of (with the ratio of frequencies of Rh-D to Rh-H species consistent with the harmonic approximation). 19, 35 Furthermore, the mass spectra of the effluent gas gave evidence of ethane, showing that ethylene had undergone hydrogenation with the reactant H 2 .
In agreement with the IR data, EXAFS data characterizing the supported Rh(C 2 H 4 ) 2 species show the disappearance of the Rh-C contribution after 4 min of contact of the sample with H 2 at 373 K, accompanied by the appearance of a small contribution identified as Rh-Rh at a distance of 2.62 Å, which indicates the very beginning of formation of rhodium clusters. Simultaneously, the coordination numbers characterizing the Rh-O s (the subscript refers to surface) and Rh-Al contributions decreased slightly, from 2.0 and 1.2 to 1.9 and 0.9, respectively, after the treatment.
The EXAFS results indicate that each rhodium hydride complex was still bonded to approximately two support oxygen atoms, on average. These results show that rhodium dimer formation is the first step of formation of larger rhodium clusters on the zeolite surface. The process is trigged by the removal of ethylene ligands and the activation of hydrogen and formation of rhodium hydride species.
To track the further metal cluster formation, we treated the sample in a flowing 50% H 2 in helium at 1 bar and 373 K for 60 min. The EXAFS data of Table 1 There was no detectable reaction in the absence of catalyst under our conditions, and the supports alone were catalytically inactive.
b
For the complete set of parameters determined in the EXAFS data fitting, see Table 1 . As shown in Table 1 , the Rh-Rh coordination number characterizing the untreated sample and that after H 2 treatment at 373 K for 4 min were determined in this work; for comparison, the previously reported Rh-Rh coordination number 36 characterizing the sample after treatment in H 2 at 373 K for 60 min is also shown. bar. The catalyst initially incorporating Rh(C 2 H 4 ) 2 supported on the zeolite was active and highly selective for ethylene dimerization (Table 2) ; ethylene hydrogenation was only a minor side reaction, consistent with earlier observations. 34, 39 Our results show that, after contact with a mixture of 50% H 2 in helium at 373 K for 4 min, the TOF characterizing the initial sample incorporating rhodium diethylene complexes was essentially unchanged, but the selectivity for hydrogenation approximately doubled. We infer that replacement of ethylene ligands with hydride and/or formation of small amounts of rhodium pair sites contributed to this change in selectivity. When the initial sample was further treated in a mixture of 50% H 2 in helium at 373
K for 1 h, rhodium clusters (along with some unconverted single-atom rhodium sites) formed, with an average diameter of 0.55 ± 0.10 nm, and, as a result, the catalytic activity increased markedly, and hydrogenation became the dominant reaction (Table 2 ). This change is as expected, because neighboring rhodium centers favor H 2 dissociation and catalytic hydrogenation of ethylene. 34 Thus, our data allow a quantification of the changes in the catalyst behavior at the earliest stages of rhodium cluster formation under the influence of H 2 . The data show that the rhodium clusters are more highly active catalysts for hydrogenation than the single-site complexes, which are more active for dimerization, consistent with earlier observations.
34
A bifunctional mechanism has been proposed to explain the dimerization reaction catalyzed by HY zeolite-supported rhodium complexes, occurring as the acidic OH groups on the zeolite surface work in concert with the rhodium complexes. 35, 39 In contrast, the hydrogenation reaction was inferred to involve only the rhodium complexes, proceeding through intermediate ethyl ligands on the rhodium. 39 Earlier work led to the inference 39 of a key role of H 2 activation in the catalysis on the zeolite-supported rhodium species. A slow activation of H 2 on the supported single rhodium complexes boosts the selectivity for dimerization by facilitating the desorption of the product, whereas a fast activation of H 2 , as observed on supported rhodium clusters, was inferred to favor the competitive hydrogenation and inhibit the dimerization. To form small rhodium clusters, the initially prepared sample was exposed to flowing helium as the temperature was ramped from 298 to 353 K at rate of 3 K/min. Subsequently, the sample was exposed to a mixture of 50% H 2 in helium for 4 min at 1 bar and 373 K, followed by cooling to 298 K and a 60 min soak in helium. To form larger rhodium clusters in the sample, the temperature was increased from 298 to 353 K at rate of 3 K/min with the sample in helium. Then the sample was exposed to 50% H 2 in helium for 60 min at 353 K, followed by cooling to 298 K and a 60 min soak in helium. Additional information about sample synthesis and handling, IR and EXAFS spectra, and details
